The basal ganglia (BG)-recipient thalamus controls motor output but it remains unclear how its activity is regulated. Several studies report that thalamic activation occurs via disinhibition during pauses in the firing of inhibitory pallidal inputs from the BG. Other studies indicate that thalamic spiking is triggered by pallidal inputs via post-inhibitory 'rebound' calcium spikes. Finally excitatory cortical inputs can drive thalamic activity, which becomes entrained, or timelocked, to pallidal spikes. We present a unifying framework where these seemingly distinct results arise from a continuum of thalamic firing 'modes' controlled by excitatory inputs. We provide a mechanistic explanation for paradoxical pallidothalamic coactivations observed during behavior that raises new questions about what information is integrated in the thalamus to control behavior.
Introduction
The BG integrates information from a wide array of cortical, thalamic, and brainstem inputs, and subsequently influences motor circuits through two major output pathways -a direct projection to brainstem circuitry and a distinct projection to several nuclei in the motor thalamus [1] [2] [3] . Motor thalamus in turn projects widely to frontal and motor cortical areas ( Figure 1A ) [4, 5] . Although much progress has been made in understanding how the BG may influence actions through the projection to behavior-generating circuits in the brainstem [6] [7] [8] , less is known about how the BG influences motor behavior and learning through the thalamocortical output pathway [9, 10] .
The BG-thalamic circuit is evolutionarily conserved [11, 12] (Figure 1) . Across a wide range of behavioral paradigms and mammalian model systems, thalamic lesions cause severe deficits in motor initiation, control, and learning [13] [14] [15] [16] [17] . Furthermore, most thalamic neurons exhibit behavior-locked firing patterns, including brisk peaks in activity immediately before movement onsets ( Figure 2B ) [18] [19] [20] [21] [22] . We have recently found similar results in songbirds. Lesions of a song-related thalamic nucleus (DLM, dorsolateral nucleus of the anterior thalamus) abolish exploratory vocalizations (babbling) and learning in juvenile birds [23] . Furthermore, DLM neurons exhibit pronounced peaks in firing immediately before syllable onsets during vocal babbling ( Figure 2B ) [24] . Together, these findings support the idea that the BG-recipient thalamus plays a crucial role in activating motor cortical areas that generate movement or -in the songbird -that generate exploratory vocal gestures.
Here we aim to clarify how the thalamus integrates inhibitory inputs from the BG and excitatory inputs from cortex. First, we briefly review what may have been considered three mutually exclusive perspectives of BGthalamic transmission: disinhibition, rebound, and entrainment. Next, we highlight recent mathematical simulations showing that rebound, disinhibition, and entrainment are not actually incompatible aspects of thalamic function. Instead, they arise from distinct firing states, or 'modes' of operation of the thalamic neuron. We use the term 'mode' to indicate a case where a single neuron can exhibit distinct firing patterns depending on conditions [25] , and we suggest that neurons in the BG-recipient thalamus operate in rebound, gating, or entrainment mode depending on their excitability. Excitability in turn could be controlled by the level of activation provided by neuromodulatory or cortical inputs. Finally, we synthesize recent findings from songbird, rodent, and primate model systems -all of which point to the BG as a site where context, reward, and motor signals are integrated to produce learning. Notably, we highlight that, to our knowledge, none of these model systems has identified a role for the corticothalamic projection in these functions, and we propose testable hypotheses for future studies.
BG-thalamic disinhibition and gating
What are the origins of thalamic premotor signals? One simple but enduring idea is based on the observation that BG output neurons in the internal segment of the pallidum (internal globus pallidus, GPi) and the substantia nigra pars reticulata (SNr) are GABAergic and tonically active, and they exert powerful inhibition of thalamic activity [26] [27] [28] . This inhibition is thought to suppress thalamic firing, thereby preventing movement initiation [29] [30] [31] . (For simplicity, we will lump GPi and SNr outputs together, and refer to both as 'pallidal', but there may be important
